Plant hormones are endogenous chemical signals that control a variety of phenomena intrinsic to the growth and development of plants. Currently, several natural and synthetic plant hormones of physiological relevance are used commercially in agriculture as growth regulators, pesticides, and herbicides. The steroidal plant hormones, known as the brassinosteroids (BRs), regulate a variety of growth and development functions in plants at very low concentrations (> 10 -9 M ), 2 and thus the BRs are considered promising candidates for a broad range of commercial agricultural applications. However, the high cost required to prepare BRs for such applications remains a problem that must be solved before the commercial use of BRs in agriculture can be realized. In an effort to overcome this problem, we have investigated the possible production of BRs in microbial organisms, which ultimately resulted in the identification of a biologically active BR, castasterone (CS, Fig. 1 ), in the WAT21 yeast strain. Herein, we report the characterization and metabolism of CS in the yeast cell.
The samples are analyzed by a capillary GC-MS as BMB. Plant hormones are endogenous chemical signals that control a variety of phenomena intrinsic to the growth and development of plants. Currently, several natural and synthetic plant hormones of physiological relevance are used commercially in agriculture as growth regulators, pesticides, and herbicides. 1 The steroidal plant hormones, known as the brassinosteroids (BRs), regulate a variety of growth and development functions in plants at very low concentrations (> 10 -9 M ), 2 and thus the BRs are considered promising candidates for a broad range of commercial agricultural applications. However, the high cost required to prepare BRs for such applications remains a problem that must be solved before the commercial use of BRs in agriculture can be realized. In an effort to overcome this problem, we have investigated the possible production of BRs in microbial organisms, which ultimately resulted in the identification of a biologically active BR, castasterone (CS, Fig. 1 ), in the WAT21 yeast strain. Herein, we report the characterization and metabolism of CS in the yeast cell.
Yeast cells (WAT21) were cultured in a minimal nutrition medium (yeast nitrogen base 6.7 g/L, D-glucose 20 g/L). After extraction with 80% MeOH, the BRs in the cultured cells were purified by solvent partitioning, column chromatographies, and a reversed-phase HPLC. In the rice lamina inclination bioassay, 3 fractions 22 and 23 exhibited biological activity. The fractions were combined, and derivatized with methaneboronic acid (2 mg) in pyridine (2 mL), then analyzed via capillary GC-MS.
As summarized in Table 1 , the bismethaneboronate (BMB) of the active compound in HPLC fractions 22 and 23 yielded a molecular ion at m/z 512 and prominent ions at m/z 357/358, 327, 287, and 155; these are identical to those derived from authentic CS BMB. The GC retention time of BMB of the compound was also identical to that of CS BMB, thus allowing us to identify the compound as CS, and verifying the occurrence of a BR-namely, CS-in the yeast cells ( Fig. 2A) .
Although the presence of a CS was demonstrated in the yeast cells, the possible contamination of BRs from the culture media remains. In order to exclude this possibility, the presence of BRs in the culture medium was evaluated. To this end, 2L of the medium was extracted and purified in accordance with the same methods as described above. Following HPLC, the fractions corresponding to those of CS were analyzed via GC-MS and GC-Selected ion monitoring (SIM). Even in GC-SIM analysis, no trace amounts of CS were detected in the medium, thereby demonstrating that the medium harbored no BRs. It is, therefore, evident that the CS identified from the yeast cells had been generated by the yeast cell itself.
In plants, CS is known to be not only a bioactive BR, but also a biosynthetic precursor for the more biologically active BR, brassinolide (BL). In order to determine whether the yeast cells were capable of converting CS to BL, a cell-free convertsion of CS to BL was conducted. Prior to the enzyme assays, the presence of CS was assessed in the crude enzyme solutions. GC-MS/selected ion monitoring (SIM) analyses demonstrated no CS in the solutions (data not shown), thereby indicating that the solutions harbored no detectable quantity of CS. Therefore, non-labeled CS and NADPH (4.8 mM) were added to the ena Authors are equally contributed.
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Bull. Korean Chem. Soc. 2010, Vol. 31, No. 5 1431 zyme solutions as a substrate and a cofactor, respectively, in order to characterize the metabolism of CS in the enzyme solution. After 30 min of incubation at 37 o C, the assay mixtures were extracted with ethyl acetate. Further purification was carried out by Sep-Pak C18 cartridge and the same reversed-phase HPLC mentioned above. HPLC fractions 14 and 15, which evidenced biological activity in the rice lamina inclination assay, were combined and then analyzed by GC-MS/-SIM after methaneboronation.
In GC-MS, the bismethaneboronate (BMB) of a CS metabolite exhibited a molecular ion at m/z 498 and the most abundant ion at m/z 141 (Table 2 ) -this was attributed to the fission of C20/C22 which was reduced in mass by 14 units as compared with CS BMB, implying that a methyl in CS had been eliminated in the metabolite. Therefore, the metabolite was tentatively identified as either 26-norCS or 28-norCS. In GC-MS, the BMB of 26-norCS and 28-norCS generated basically the same mass spectra, but their retention time on GC clearly differed ( Table 2 ). The GC retention time of the BMB of the metabolite was equal to that of 26-norCS BMB, thereby indicating that 26-norCS is a metabolite of CS in the yeast cells (Fig. 3) . In the same HPLC, synthetic BL was also eluted in fractions 14 and 15. Therefore, the presence of BL in the fractions was evaluated via GC-MS/SIM analysis. However, not even trace amounts of BL were detected by GC-MS, nor by GC-SIM; this implies that the yeast WAT21 cells harbor no enzymes capable of the conversion of CS to BL (Fig. 2B) .
BRs have now been identified in at least 27 families of seed plants (angiosperm and gymnosperm), one pteridophyte, one bryophyte, and one green alga, showing that BRs are fairly ubiquitous plant hormones over the entirety of the plant kingdom. 4 The results of this study showed that the yeast strain, WAT21, generates steroidal plant hormones, or BRs. This is the first example of the detected presence of BRs in non-plant cells. In accordance with the view that yeast is generally a more primitive living organism than lower plants, BRs are generally thought to be well-conserved ancestral steroidal compounds that predate the evolution of plants. The results of this study demonstrate that WAT21 cells generate CS but not BL, thereby implying that CS is the end product of BR biosynthesis in the yeast cells. Similarly, lower plants produce CS, but not BL. In higher plants, BL is synthesized in reproductively growing tissues such as the pollen, seed, fruit, and flower. 4 This suggests that the biosynthetic reaction that converts CS to BL is an acquired reaction in the evolutionary process from non-seed (flower) plants to seed (flower) plants in the plant kingdom. In this study, we determined that CS is a catabolite of 26-norCS. This deactivation reaction has been noted not only in lower plants but also in higher plants, 5 thus implying that deactivation by C26-demethylation of active BRs is an ancestral reaction for the maintenance of endogenously active BRs in plant evolution.
WAT 21 is a transgenic yeast strain expressing a gene of Arabidopsis NADPH dependent cytochrome P450 reductase 2 (ATR2). 6 In the presence of ATR2, Arabidopsis cytochrome P450s can be expressed in yeast cells. via this heterologous expression technique, a number of plant cytochrome P450s have already been expressed in WAT21 cells, and their enzyme activities have been characterized previously. 7 In BRs biosynthesis, two cytochrome P450s, designated 85A1 and 85A2, have been successfully expressed in WAT21 cells, resulting in characterization of 85A1 and 85A2 as BR oxidase and BR oxidase/BL synthase, respectively, to mediate the final two steps in the generation of active BRs, CS, and BL. 8 The amount of endogenous CS in the WAT21 cells was 0.2 ng/g fresh weight-this level is comparable to the levels detected in plants. 9 This suggests that the development of yeast strain(s) for mass production of BRs might be advantageous, and should be pursued. In light of the fact that BR biosynthesis involves several oxygen incorporation reactions that are mediated by Notes cytochrome P450s, the co-expression of the cytochrome P450s involved in BRs biosynthesis in WAT21 cells might constitute a promising method by which the yield of BRs in the WAT21 yeast cells could be augmented.
The physiological function and biosynthesis of BRs in WAT21 yeast cells remains to be clearly elucidated. Additionally, it remains unclear as to whether or not the wild-type yeast, Saccharomyces cerevisiae, can generate BRs. Anyway, the identification of CS in WAT21 yeast cells provides us with an important hint for the possible production of BRs in microbial organisms, because gibberellin, primarily in the form of gibberellic acid, is already mass-produced in the fungus, Gibberella fujikroi, for use in commercial agricultural applications. Enzyme preparation and assay. Cultured cells (5 g) of yeast WAT21 were homogenized with 0.1 M Na phosphate buffer (pH 7.4) containing 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 15 mM 2-mercaptoethanol, 15% glycerol, 250 mM sucrose, 40 mM ascorbate, and 1% insoluble polyvinylpolypyrrolidone. The homogenates were centrifuged for 10 min at 8,000 × g, and the resultant supernatants were re-centrifuged for 30 min at 20,000 × g. Cold acetone was then added to the obtained supernatants (final volume 40%), and the acetone precipitates were re-suspended in 0.1 M Na phosphate buffer (pH 7.4) containing 1.5 mM 2-mercaptoethanol and 30% glycerol for crude enzyme solutions. After 30 min of incubation at 37 o C, the assay mixture was extracted with ethyl acetate (1.2 mL × 3). The obtained ethyl acetate soluble fractions were then concentrated and loaded onto a Sep-Pak C18 cartridge eluted with 0, 50, and 100% methanol (5 mL each). The 100% methanol fractions that evidenced biological activity in the rice lamina inclination assay were purified further via the same reversed-phase HPLC mentioned above. and samples were introduced using an on-column injection mode.
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